Graphene, as a novel carbon nanomaterial, exhibits superior performance in electrochemical sensors. Here, graphene was applied to the microelectrode system by a simple method. A novel graphene coating carbon fiber microelectrode (G-CFM) was fabricated by electrodepositing graphene on the surface of carbon fiber. The fabrication method is fast and simple. Scanning electron microscopy and Raman spectroscopy demonstrated that carbon fiber was successfully modified by graphene. The electrochemical behavior of G-CFM was characterized by potassium ferricyanide and dopamine (DA). The electrode exhibited much larger current response and less overpotential response, compared to CFM. The microsensor for DA showed good sensitivity and selectivity, and the electrode had good stability. It is believable that the unique characteristic of graphene holds promise for the advanced microelectrode system for highly sensitive detection of various targets.
Introduction
For a long time, there has been a great interest in electrodes with microscopic dimensions. [1] [2] [3] Such electrodes offer some unique features such as low iR drop, low double-layer charging effects and high mass transport rate. 4 These make it possible for conducting electrochemistry in highly resistive media, and even steady-state measurements for fast heterogeneous electron-transfer kinetics, which is difficult using electrodes with conventional dimensions. 5 More importantly, because of the small size, microelectrodes show promise for applications in the study of microenvironmental and biological specimens. [6] [7] [8] How to increase the response current so as to acquire high detection sensitivity is still one of the important research fields for the application of microelectrodes.
Carbon fibers (CFs), due to their low cost, non-toxic property, good electrical conductivity and biocompatibility, have been widely used and mostly studied in microelectrode systems to fabricate voltammetric electrodes. [9] [10] [11] Previous studies have shown that electrochemistry permits CFs to conduct in vitro determination of dopamine (DA) and is also a possible "tool" for their in vivo determination usage. 10 At present, accompanied by the development of nanotechnology and expansion of electrode modification technology, carbon fiber microelectrode (CFMs) biosensors have seen rapid development and have thus expanded the applications of carbon-based fibers. Some groups have studied DA using carbon fiber microelectrodes modified by carbon nanomaterials, such as single-walled or multiwalled carbon nanotubes. [12] [13] [14] [15] [16] Graphene, as a novel one-atom thick and two-dimensional graphitic carbon system, exhibits superior electrical conductivity and high specific surface area. Recently, much advancement has been achieved by using graphene in electrochemical applications, even electrochemical sensors or devices. [17] [18] [19] [20] [21] In the literature, 22 chemical reduction of graphene oxide was modified on the carbon fiber electrode by immersing the carbon fiber in a graphene mixture solution and the microsensor for DA showed good sensitivity and selectivity.
In this paper, the graphene coated carbon fiber (G-CF) was fabricated by potentiostaticly reduced deposition of graphene oxide on the carbon fiber and then the obtained fiber was directly used as a voltammetric microelectrode.
The electrochemical characterization of this electrode was done in aqueous solutions containing potassium ferricyanide (K3Fe(CN)6) or dopamine.
The electrode showed good sensitivity for detection of DA. Enhanced electrochemical performance in comparison with that of conventional CFM provides the promise for a novel microelectrode platform for the development of a highly sensitive microelectrode system. Comparatively, this work has the following advantages: (1) the electrode fabrication is fast and simple; (2) the graphene on carbon fiber is well-distributed, which holds promise for sensitive electrochemical performance; (3) the electrode has good stability; (4) the amount of graphene on the carbon fiber electrode is readily controlled by the time for potentiostaticly reduced deposition of graphene oxide, which can be used to control the magnitude of electrochemical response current.
were of analytical grade. All aqueous solutions were prepared using deionized water, which was further purified with a MilliQ system (Millipore).
High purity nitrogen was used for deaeration.
Apparatus
Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were performed at room temperature under a nitrogen atmosphere in a three-electrode cell using a Model CHI 660A electrochemical workstation. The working electrode was either a CF electrode or a G-CF electrode. A saturated calomel electrode (SCE) and a platinum wire were used as the reference electrode and the counter electrode, respectively. The morphology of the samples was examined by scanning electron microscopy (SEM, JSM-7500F). Raman spectra were recorded on a Renishaw Raman microscope with a 514-nm laser.
Preparation of graphene coated carbon fiber
Graphene oxide (GO) was first prepared from natural graphite powder via acid-oxidation as mentioned in our previous papers. 23 The preparation of G-CF was carried out by constant potential electrolytic reduction of GO on the carbon fiber at room temperature (approximately 20 C). 24 During this process, GO sheets were reduced into conductive graphene. The electrolyte was an aqueous suspension containing 3 mg mL -1 GO and 0.1 M LiClO4 (pH 3.6). A three-electrode cell was used. The working electrode was a CF with a diameter of about 7 μm and a certain length (typically, 2 -10 cm). An SCE and a platinum wire were used as the reference electrode and the counter electrode, respectively. The electrolysis was carried out by keeping the potential at -1.2 V for 5 s, except where noted otherwise. The as-prepared G-CF was fully washed with distilled water and naturally dried for further use.
Electrode fabrication
The G-CF was cut to about 6 mm in length and connected with conductive copper wire (length of 50 mm) by conductive silver paste, then dried in air for 30 min. At the same time, a dried glass capillary with a diameter of a few micrometers was cut to a length of about 35 mm. Next, the fiber connected with copper wire was threaded into the capillary until around 4 mm of fiber was outside the capillary. Then, the tip of the capillary with the copper wire through was inverted into silver paste until the silver paste filled the capillary entirely. After confirming the wire was fully conductive by checking with a multimeter, the capillary end with fiber through was sealed with the polyester resin, which separated the fiber electrode from the inactive part. Before use, the electrode was dried at least 4 h and then the fiber outside the capillary was cut to a length of 1.5 mm with a blade, except where noted otherwise.
Thus, the G-CF microelectrode (G-CFM) was obtained. The CFM was prepared by the same method. Before use, the electrode was immersed into deionized water for 3 min for cleaning. The electrochemical response of the fabricated electrodes was tested for Fe(CN)6 3-or DA. Electrodes that did not respond or had high initial capacitance response were discarded.
Results and Discussion

Charaterization of graphene coated carbon fiber
The fabricated G-CF was characterized by SEM. As shown in Figs. 1a and 1b, the commercial CF showed the stria surface with lumps and the diameter is about 7.0 ± 0.2 μm. For the SEM of fabricated G-CF for graphene deposition for 5 s (shown in Figs. 1c and 1d) , it was observed that the graphene layer coated on the surface of CF with a thin film and the diameter was also around 7.0 ± 0.2 μm. Thus, no apparent difference of CF diameter was observed before and after graphene coating.
Figures 2a -2d show the SEMs of fabricated G-CFs with different times for potentiostaticly reduced deposition of graphene oxide on carbon fiber. It was shown that with the deposition time increasing, the amount of graphene modified on the carbon fiber increased and exhibited a larger fiber diameter. The diameters of the fiber were 7.6, 10.5, 42.3 and 43.0 μm (± 0.2 μm ) corresponding to the deposition times of 10, 20, 50, and 100 s, respectively. In order to eliminate the influence of electrode diameter size on the electrochemical performances of G-CFM and CFM, in the subsequent electrochemical study, G-CF fabricated with the deposition time of 5 s was chosen to prepare G-CFM, except where noted otherwise.
To further investigate that graphene had coated on the carbon fiber, Raman spectroscopy was utilized to determine the microstructural characteristics of the samples. As shown in Fig. 3 , two Raman bands were observed at around 1352 and 1596 cm -1 in both CF and G-CF, which are assigned to D and G modes, respectively. In comparison with the Raman spectrum of CF, the intensity ratio of D/G bands in the spectrum of G-CF increased significantly, which indicates that graphene was formed by electrochemical reduction of GO 24 and coated on CF.
Electrochemical behavior of K3Fe(CN)6 at G-CFM
K3Fe(CN)6 is usually used as an electrochemical probe to detect the voltammetric behavior or the activity of the microelectrode-type systems, 25, 26 including carbon fiber electrodes. 22, 27 Here, the electrochemical characterization of the G-CFM was tested by using K3Fe(CN)6 in the aqueous solution and compared with that of CFM. As shown in Fig. 4 , sigmoid-shaped voltammograms were achieved on both kinds of electrodes, demonstrating a diffusion-limited process involved on the electrodes. This shows that for the cylindrical diffusion fields of CFM and G-CFM, the steady-state currents can still be exploited experimentally. 28 The gradual rise in current and the poorly defined plateau, observed at both electrodes, reflect the rough surfaces of CFM and G-CFM. 27 The electrode capacitance of G-CFM increases, which can clearly be seen in the plateau region and at the foothill of CVs in Fig. 4 and even the double layer capacitance curves (inset of Fig. 4 ). This indicates an expanded electrochemical active surface area 29 deduced from the porous 3D graphene layer. 24 The half-wave potential (E1/2) at G-CFM is 0.19 V (curve b in Fig. 4) , which is more positive than that at CFM with 0.17 V (curve a in Fig. 4) , showing easier reduction of K3Fe(CN)6 at G-CFM than at CFM. The diffusion-limiting current of curve b is 0.37 μA, about 100 times of that of curve a (0.0033 μA), which indicates that G-CFM exhibits more sensitive response than CFM. These results can be ascribed to the fact that the well-defined graphene film possesses high specific surface area and electronic properties to support the rapid heterogeneous electron transfer of K3Fe(CN)6. 30 The ratio of diffusion-limiting current to capacitive current of curve b for G-CFM is 86, about 4 times of that of curve a for CFM with the ratio of 20.
The effect of the G-CFM length on the voltammetric response was carried out in the aqueous solution containing 1 mM K3Fe(CN)6 and 0.1 M KCl. As shown in Fig. 5A , the voltammetric responses at different lengths of G-CFM are well-defined steady-state voltammograms. With the increase of the electrode length, the limiting current increases gradually and exhibits almost a linear relationship with the length (Fig. 5B) , which is in accordance with that of cylindrical microelectrodes.
28
E1/2 does not show any obvious negative shift (Fig. 5B) , which indicates that a high ratio of length to radius of the electrode results in the diffusion field mainly contributed by sidewall surface and thus the same mass transfer rate. 25 Next, the influence of the time for potentiostaticly reduced deposition of graphene oxide on carbon fiber on the voltammetric response was investigated. The voltammetric responses of G-CFMs fabricated with different deposition times of graphene on the carbon fiber were carried out in the aqueous solution containing 1 mM K3Fe(CN)6.
As shown in Fig. 6 , sigmoid-shaped voltammograms were achieved on G-CFMs fabricated with the deposition times from 5 to 100 s and with the deposition time increasing, the diffusion-limiting current increases.
Electrochemical behavior of DA at G-CFM
DA, as an important neurotransmitter, has been widely detected by using various microelectrodes. [10] [11] [12] Here, dopamine was used as a model assay to reveal the characterization of G-CFM. Figure 7A shows the voltammograms of 0.5 mM DA at CFM and G-CFM in 0.1 M pH 7.0 phosphate buffer solution (PBS). It can be seen that sigmoid-shaped voltammograms were obtained at G-CFM. But a tail was observed when scanning from negative potential to positive potential. This may be the reason that graphene covering the surface of carbon fiber was not uniform, resulting in negatively charged surface oxide groups that were not uniform. Then, the surface characteristic of the electrode showed inconformity and thus the rate of electron transfer of positively charged DA was different. 22 The oxidation current of DA at G-CFM is 27 times larger than that at CFM. Additionally, the half-wave potential of 0.33 V at G-CFM is much more negative than that of 0.52 V at CFM. Meanwhile, the initial anodic potential at G-CFM was 0.06 V, negative to that at CFM with 0.16 V. These indicate that DA has less oxidation overpotential at G-CFM than that at CFM. All these results demonstrate that the deposition of graphene on the CF can effectively catalyze the electrochemical response of DA. This can be ascribed to the high electrode surface area and the inherent unique character of the graphene structure, distinctive of the CF. 31 It has been reported that the surface of CFM can be activated by electrolytic oxidation and the formed amorphous surface can improve electrode kinetics. 27 Here, the voltammetric behaviors of CFM, before and after electrolytic treatment in the electrolyzing solution used for the preparation of G-CFM containing everything except the graphene oxide, were carried out in the solution containing 0.5 mM DA and 0.1 M pH 7.0 PBS. No difference was found between them (not shown here). This may be because the potential for electrolyzing deposition is negative to the oxidation potential of CFM, which is positive to +1.2 V, 27 and thus no electrolytic oxidation of CFM occurred. Considering the response current exactly defined, the voltammetric behavior of G-CFM was further studied by DPV in the presence of DA, as shown in Fig. 7B . In contrast to that of CFM, the peak potential negatively shifted from 0.21 to 0.12 V and the peak current was 47 times that of CFM with the electrodes in 0.1 mM DA solution. Additionally, the peak current becomes larger with the concentration of DA increasing. The linear dependence of the peak current with DA concentration is exhibited in the range of 1.0 × 10 -6 to 1.0 × 10 -4 M at G-CFM (inset of Fig. 7B ) with the detection sensitivity of 0.81 nA μM for the chemical-reduced graphene oxide modified carbon fiber electrode. 22 The detection limit is ensured to be 0.50 μM at the signal-to-noise of 3. Figure 8A shows the consecutive DPV scan of G-CFM in 0.1 M pH 7.0 PBS containing 0.02 mM DA. It can be seen that the peak current can retain 90% for at least 40 cycles. Figure 8B shows the DPV of G-CFM in the solution of 0.02 mM DA and 0.1 M PBS (pH 7.0) with the electrode stored in the air for different number of hours. It shows that the oxidation peak current descends less than 10% for 24 h and 20% for 48 h. These results indicate that G-CFM fabricated by potentiostaticly reduced deposition of graphene oxide on the carbon fiber is more stable and has better reproducibility than the graphene modified carbon fiber microelectrode fabricated from the chemical reduction of graphene oxide, which was stable for several consecutive cycle scannings and several hours of storage. 22 Under physiological conditions, DA, uric acid (UA) and ascorbic acid (AA) coexist and have similar oxidation potentials at most solid electrodes. Separate determination of DA is a great problem due to overlapped signals. The voltammetric behavior of DA at G-CFM was evaluated by DPV in the presence of UA and AA. As shown in Fig. 9 , the DPV voltammograms of UA and AA indicate that the oxidation peaks of UA and AA were observed at 0.24 and -0.07 V, respectively. The DPV voltammogram of the mixture shows the oxidation peaks of DA, UA and AA separated from each other. By comparison, it can be seen that the peak current of DA remains unchanged before and after the addition of UA and AA. Thus it can be concluded that the presence of UA and AA do not interfere in the determination of DA. So this method can be used for the determination of DA in the presence of UA and AA.
The comparisons for the parameters by use of graphene modified carbon fiber microelectrode are listed in Table 1 . It can be seen that the detection sensitivity of this method is much more than that previously reported 22 and the fabrication electrode of this work has better stability. Meanwhile, the selective detection of DA in the presence of AA and UA is the same. But the linear range and the detection limit are worse than that reported. 22 Furthermore, the electrode fabrication of this work is fast and simple, and the amount of graphene on the carbon fiber electrode is readily controlled by the time for potentiostaticly reduced deposition of graphene oxide. So this proposed method has its advantages for microelectrode systems for the sensitive detection of various targets.
Conclusions
G-CFM has been conveniently fabricated by direct electrochemical deposition. By this method, graphene, as a new powerful carbon nanomaterial, was successfully applied to the microelectrode system. As a novel microelectrode, G-CFM works well and exhibits much larger current responses and less overpotentials for the electrochemical response of K3Fe(CN)6 or dopamine in comparison with that of CFM, and the electrode has good stability. Here, dopamine was only used as a model assay. It is believable that the unique characteristics of graphene make it a promising material for use in advanced microelectrode systems for the detection of various targets with high sensitivity. 
